Flexibility is key to survival for seaweeds exposed to the extreme hydrodynamic environment of wave-washed rocky shores. This poses a problem for coralline algae, whose calcified cell walls make them rigid. Through the course of evolution, erect coralline algae have solved this problem by incorporating joints (genicula) into their morphology, allowing their fronds to be as flexible as those of uncalcified seaweeds. To provide the flexibility required by this structural innovation, the joint material of Calliarthron cheilosporioides, a representative articulated coralline alga, relies on an extraordinary tissue that is stronger, more extensible and more fatigue resistant than the tissue of other algal fronds. Here, we report on experiments that reveal the viscoelastic properties of this material. On the one hand, its compliance is independent of the rate of deformation across a wide range of deformation rates, a characteristic of elastic solids. This deformation rate independence allows joints to maintain their flexibility when loaded by the unpredictable -and often rapidly imposed -hydrodynamic force of breaking waves. On the other hand, the genicular material has viscous characteristics that similarly augment its function. The genicular material dissipates much of the energy absorbed as a joint is deformed during cyclic wave loading, which potentially reduces the chance of failure by fatigue, and the material accrues a limited amount of deformation through time. This limited creep increases the flexibility of the joints while preventing them from gradually stretching to the point of failure. These new findings provide the basis for understanding how the microscale architecture of genicular cell walls results in the adaptive mechanical properties of coralline algal joints.
INTRODUCTION
The seaweeds of wave-swept rocky shores inhabit one of the most physically stressful environments on Earth. For example, when the tide is in, intertidal seaweeds must cope with the hydrodynamic forces imposed by breaking waves, in which water velocities can exceed 20 m s −1 (Denny, 1988; Gaylord, 1999; Denny et al., 2003) . Despite this physical challenge, wave-washed shores support a notably diverse set of macroalgae, and this unusual occurrence of diversity in the face of adversity uniquely sets the stage for comparative studies of algal functional morphology. Previous research on the mechanical characteristics of seaweeds has shown that flexibility is the design criterion that best accounts for their ability to withstand hydrodynamic forces (Koehl, 1984 (Koehl, , 1986 Harder et al., 2004) . A function of both shape and material properties, flexibility allows seaweeds to assume more streamlined shapes and 'go with the flow', which reduces the drag imposed by waves (e.g. Denny and Gaylord, 2002; Boller and Carrington, 2006; Martone et al., 2012) .
Articulated, erect coralline red algae provide an exceptional opportunity to evaluate in detail the mechanics of flexibility. Coralline algae are characterized by their calcified cell walls, which make them rigid. The earliest corallines were crusts composed of thin layers of cells adhering to the substratum, and their rigidity likely provided a defense against herbivore-induced disturbance (Johansen, 1981; Steneck, 1986 ; but see Padilla, 1985) . However, approximately 100 million years ago some corallines evolved fronds that had 'joints' (genicula) spaced along their length (Johansen, 1981; Aguirre et al., 2010) . The increased extensibility, increased compliance (that is, reduced stiffness) and high strength of the novel, uncalcified genicular tissue introduced flexibility into the previously rigid coralline body plan, allowing corallines to adopt an upright posture that offers several potential advantages. Flexible, erect fronds can avoid shading by uncalcified seaweeds (Johansen, 1981) , can deter some grazers (Padilla, 1984) and may aid in spore dispersal (Johansen, 1981) . Articulated corallines now thrive and successfully compete on wave-swept shores around the globe, often serving as ecosystem engineers whose densely packed fronds provide shelter to a wide variety of invertebrate animals.
The morphology, mechanical properties and chemical composition of genicular tissue vary considerably among coralline taxa (Janot and Martone, 2016) , and an in-depth investigation of the interaction between these factors and overall frond flexibility is just beginning. Consequently, it is currently difficult to draw global conclusions about the structural underpinnings of genicular mechanics. However, the joints of Calliarthron cheilosporioides Manza, a representative articulated coralline found on the West Coast of North America (Fig. 1A,B) , have been studied in detail, and C. cheilosporioides thus serves as a convenient species for an initial exploration of the morphological and chemical basis of coralline flexibility.
In some respects, C. cheilosporioides' genicular tissue is extraordinary: it is more extensible and much stronger than typical algal tissue (including other corallines; B. Hale, Macroalgal materials: foiling fracture and fatigue from fluid forces, PhD thesis, Stanford University, 2001; Martone, 2006 Martone, , 2007 Janot and Martone, 2016) and it is virtually immune to failure by fatigue (Denny et al., 2013) . However, in other respects, genicular tissue is rather ordinary. Its unusual mechanical properties are determined primarily by the characteristics of individual cell walls, which utilize a run-of-the-mill structural design: they are fiber-reinforced composites. Thus, C. cheilosporioides' genicula illustrate how modifying the structural and chemical components of a simple -indeed, near-universal -cellular morphology can lead to functional innovation.
Although several aspects of C. cheilosporioides' genicular design have been explored, there are gaps in our understanding, and the disparate studies of the species' genicula have yet to be drawn together into a coherent story. This and our companion paper (Denny and King, 2016 ) are a first effort at such a synthesis. To gain a mechanistic understanding of C. cheilosporioides' genicular material, we used experimental data to fill in the missing pieces of information, and, in the companion paper, we propose a simple conceptual model that provides a mechanistic explanation for the behavior of this exceptional material.
First, some background from previous studies of C. cheilosporioides. Each geniculum is formed during growth as a single tier of frond cells decalcifies and extends tenfold along the frond's axis (Johansen, 1981) . Mature genicular cells are approximately 500 μm long with each end firmly anchored in an adjacent intergeniculum, the calcified portion of the frond (Fig. 1C) . These decalcified cells form the flexible joint. Genicular cells are hexagonal in cross-section, with an average diameter of ∼7 μm; there are 15,000 to 24,000 cells in each geniculum (Martone, 2007) .
Cell walls form approximately 34% of the cross-sectional area of young cells, but this increases to 54% in older cells as secondary cell wall is laid down, a process not found in typical red algae (Martone, 2007) . The cell walls are composed of randomly oriented cellulose fibers in a matrix gel of highly methylated, highly sulfated galactan (Tsekos et al., 1993; Martone et al., 2010 ; P. T. Martone, unpublished data). Calliarthron cheilosporioides' cell walls have a larger proportion of cellulose (15% of dry mass) than is typical of seaweeds, although this percentage is lower than that typical of terrestrial plants (30%) . Genicular cells are separated laterally by a middle lamina ∼1 μm thick. Middle laminae contain cellulose, but otherwise have an unknown chemical composition (P. T. Martone, Biomechanics of flexible joints in the seaweed Calliarthron cheilosporioides, PhD thesis, Stanford University, 2007; P. T. Martone, unpublished data) .
Although genicula comprise only ∼15% of the length of a C. cheilosporioides frond, the frond's overall flexibility is comparable to that of uncalcified ('fleshy') seaweeds. This is possible only because genicular material is much more extensible than the tissues of typical macroalgae; C. cheilosporioides' joints can stretch to more than twice their length while most seaweeds can extend by only 25% to 50% (B. Hale, Macroalgal materials: foiling fracture and fatigue from fluid forces, PhD thesis, Stanford University, 2001; Martone and Denny, 2008a) . The strength of C. cheilosporioides' cell-wall material is comparable to that of other algae, but because cell walls form an exceptionally large fraction of its cross-sectional area, C. cheilosporioides' genicular tissue is approximately four times stronger than typical algal tissue (B. Hale, Macroalgal materials: foiling fracture and fatigue from fluid forces, PhD thesis, Stanford University, 2001; Martone, 2006 Martone, , 2007 P. T. Martone, unpublished data) .
Although each genicular cell is firmly anchored to the adjacent intergenicula, lateral attachment among cells (via the middle lamina) is apparently weak (Martone and Denny, 2008b; Denny et al., 2013) . As a result, if one cell breaks, it is difficult for the elastic energy stored in the broken cell to be transferred to adjacent cells. This inability to transfer the energy required for fracture makes it difficult for a crack to propagate, rendering the joint highly resistant to fatigue failure (Denny et al., 2013) .
Calliarthron cheilosporioides' immunity to fatigue makes it possible for one to estimate the limit to the size of its fronds in the surf zone. Because joints do not weaken appreciably through repeated loadings, whether a frond will survive or not is determined by the largest force it encounters. (This is in contrast to fleshy red algae, in which the accumulated damage from small forces limits size; Mach, 2009; Mach et al., 2007 Mach et al., , 2011 Thus, from easily acquired records of maximum wave force (Denny and Wethey, 2001) , one can accurately estimate the maximum size to which C. cheilosporioides' fronds can grow in a given wave environment (Martone and Denny, 2008a; Denny, 2016) . Because C. cheilosporioides is a major competitor for space in the low intertidal zone, these estimates of maximum size can be valuable when considering the ecological consequences of a changing wave climate. If, as predicted, wave heights increase in the near future (IPCC, 2013), C. cheilosporioides' fronds will potentially be limited to a smaller size, reducing their ability to shade out competitors and substantially altering the niche they create for invertebrate animals.
In summary, our knowledge of the material mechanics of C. cheilosporioides allows us to connect mechanism across scales: from molecules to materials to whole organisms to community ecology. Despite this wealth of information, three important questions about C. cheilosporioides' joints must be addressed before a full synthesis is possible. (1) The extensibility, compliance and strength of genicular material have been measured as forces are applied over the course of 5-10 s. However, when loaded by waveinduced velocities, fronds are stretched in a fraction of a second. How does this high rate of deformation affect the extensibility, compliance and strength of C. cheilosporioides' joint material? (2) For many materials, application of repeated short-term stresses -or persistent long-term stress -causes the material to creep; that is, to accrue deformation through time. Given that C. cheilosporioides is repeatedly loaded by hydrodynamic forces at high tide and can be subjected to loads that persist for hours as fronds lie twisted and bent at low tide, does genicular material creep? If so, how much does a joint creep in its lifetime? Does creep affect joint flexibility? Can creep lead to failure? (3) Electron microscopy has revealed the fine structure of genicular cell walls (Martone, 2007; Martone et al., 2009; Janot and Martone, 2016 ; P. T. Martone, unpublished data), but it is currently unclear how this micro-scale architecture is tied to the tissue-scale mechanical properties of the material, and thereby to a frond's performance in nature. To what extent can we use a detailed description of genicular material properties to build an understanding of C. cheilosporioides' whole-frond mechanics, and thereby its success in an ecological context? We address questions 1 and 2 in this report; we address question 3 in the companion paper (Denny and King, 2016) .
MATERIALS AND METHODS Sample collection
Calliarthron cheilosporioides fronds were collected at Stanford University's Hopkins Marine Station (HMS) in Pacific Grove, CA, USA (36.622°N, 121.906°W), at the same lower intertidal site used in several previous studies (Martone, 2006 (Martone, , 2007 Martone and Denny, 2008a,b; Denny et al., 2013) . Samples were held in chilled seawater (4°C) until used, usually within a day.
High strain rate tensile tests
Genicula were deformed at high rates using a ballistic pendulum (Fig. 2) . The pendulum arm (66 cm long) was suspended from an axle held in place by ball bearings, and the angle of the pendulum relative to vertical (θ) was monitored by a rotary transducer (Model R30A, Schaevitz Engineering, Camden, NJ, USA). A rigid fork at the pendulum's free end served to apply a force to the test sample.
Using marine epoxy (A-788 Splash Zone Compound, Kop-Coat Inc., Rockaway, NJ, USA), the sample (a length of basal frond containing approximately 10 genicula) was glued at its proximal end to the beam of a bespoke force transducer and at its distal end to an aluminium rod held in place by a linear bearing. A plastic (Delrin) disk attached to the rod at its free end served as the impact target for the tines of the pendulum's fork. To perform an experiment, the pendulum was pulled away from vertical and then released. As the pendulum swept down, the fork straddled the force transducer and sample before impacting the Delrin target. As the pendulum continued on its arc, the target was displaced, the sample was stretched, and the resulting force was monitored by the force transducer. Strain gauges on the force transducer beam (wired as a full Wheatstone bridge) provided a voltage output proportional to the tensile force acting on the test genicula. The force transducer was calibrated by hanging known weights from it, and it had a resonant frequency of 2885 Hz, sufficient to respond accurately to the forces applied by the swinging pendulum. Voltage signals from both the rotary and force transducers were digitized by an A/D converter (Model USB-6009, National Instruments, Austin, TX, USA) and recorded at 10 kHz, providing measures of force and tensile displacement through time. The sample was kept moist with seawater until tested, and tests were conducted at room temperature, 19-21°C.
The farther the pendulum was initially displaced, the higher its speed at impact, and the greater the rate at which the sample was strained. After each test, the length (L j ) and cross-sectional area (A j ) of each geniculum in the sample ( j=1 to n, the total number of genicula in the test section) was measured using a dissecting microscope equipped with a vernier micrometer eyepiece. Area was calculated by measuring the major and minor diameters of the geniculum and approximating cross-sectional area as the area of an ellipse. For each F(t) (the force recorded at time t), displacement of the sample's distal end [ΔL tot (t)] was calculated from the length of the pendulum and the difference in θ from that at the instant of impact.
For the geniculum that broke, nominal stress (σ n ) and strain (ε) were then calculated for each F-ΔL total pair. Nominal stress is the applied force divided by the geniculum's unstressed cross-sectional area, A:
Strain in the broken geniculum (its change in length, ΔL, per its unstressed length, L) was calculated taking into account the variation in cross-sectional area among genicula (see Appendix):
Here, α is the average of 1/A j for all unglued genicula in the sample, and L tot is the total unstressed length of all n genicula. Strain rate was estimated as the slope of a regression line fitted to ε as a function of time. Experimental strain rates varied from 207 to 825 s −1 . The resulting stress-strain curves were non-linear, so the material's stiffness (its tangential elastic modulus E tan =dσ n /dε) changes as a function of strain; that is, E tan depends on how far a sample is extended. To calculate E tan at a given strain, a third-order polynomial was fitted to the stress-strain data, and its first derivative (E tan ) was calculated at the desired strain. Only regressions with r 2 >0.99 were used for these calculations (N=18). From these data, we calculated the material's compliance, D tan =1/E tan , at each of a series of strains. Although modulus is a more commonly used metric of material properties, compliance is a more intuitive metric of flexibility, and it is the standard for the creep tests described below (Aklonis et al., 1972) .
Cyclic tensile stress-strain tests
The mechanical response of genicula to cyclic loading was measured using the tensometer employed by Martone (2006) and Martone and Denny (2008a) , and the details of the apparatus can be found there. In short, a length of basal frond was held between two clamps, one supported by a force transducer and the other attached to the moveable head of the tensometer. The sample was extended at a rate of approximately 0.3 mm s −1 until a predetermined force was reached. The direction of the moving head was then reversed until stress reached zero. This cycle of extension/retraction was then repeated. Force was recorded digitally at 60 Hz with a resolution of 0.004 N. The force transducer was calibrated using known weights.
We measured the strain of individual genicula within the test section using a high-speed video camera (Fastcam 512PCI, Photron USA Inc., San Diego, CA, USA) with a resolution of approximately 10 μm. Small dots of black ink were scribed onto adjacent intergenicula in the middle of the test sample, which were videotaped at 60 Hz throughout the course of each test, synchronized with the force measurements. In each frame, the distance between dots on two adjacent intergenicula was calculated using image analysis software (Motion Tools v1.2.0, Photron USA Inc.), calibrated with an image of a stage micrometer, providing a measure of the change in length of the geniculum between the two intergenicula. After each test, the length and cross-sectional area of the imaged geniculum were measured as described above for the high strain rate tests. From these data, we calculated the strain of the geniculum and the corresponding nominal stress for each image in the test. The total energy per volume required to stretch the sample to the maximum strain in a given cycle was calculated as the area under the ascending leg of the stress-strain curve. The energy per volume stored during a cycle is the area under the descending leg, and the energy dissipated (again per volume) is the difference between the two. Hysteresis, H, for the cycle is the ratio of energy per volume dissipated to total energy per volume (Wainwright et al., 1976) .
In a second set of tests using the same apparatus, the extension of the sample was halted, and force was recorded through time, allowing us to measure stress relaxation, the reduction in stress through time at constant strain. Subsequently, the strain imposed on the sample was reduced, the moving head was halted and force was again recorded through time, allowing us to measure stress recovery, the increase in stress through time at constant strain.
Shear stress/strain tests Samples (collected as for the other experiments) were tested in shear using the apparatus shown in Fig. 3 . Several intergenicula of a basal section of frond were glued at one end with Splash Zone Compound into a Delrin coupling. The coupling was then attached to a shaft supported by ball bearings, and the sample's free end was firmly clamped to a rigid support, leaving a single geniculum exposed. A moment was applied to the shaft by hanging a length of fine-link brass chain (0.294 g cm
) from a capstan (1.25 cm in radius) on the shaft. The length of the hanging chain was adjusted by raising or lowering a platform beneath the chain; lowering the platform allowed more weight to hang from the capstan, applying a larger moment (3.67×10 −5 N m cm −1 ). The platform was lowered and raised in 0.5 cm increments. Rotation of the geniculum was measured for each increment of moment using a video camera (c525 HD Webcam, Logitech Inc., Fremont, CA, USA) to optically track the rotation of a white spot on a black disk affixed to the free end of the shaft. The angle of the spot relative to the disk's center was analyzed using the Image Processing Toolbox in MATLAB (MathWorks, Natick, MA, USA); angles were accurate to 0.0095 rad with a precision of 0.0013 rad. During the test, the sample was kept wet and at 19°C by a continuous seawater drip from a peristaltic pump.
For an object in torsion -such as the geniculum in this experiment -shear strain (and therefore shear stress) increases with radial distance from the center of twist. For these tests, we used maximum shear stress as our metric of applied force. Maximum shear stress in the sample was calculated as:
where M is the applied moment (the force of the chain's weight multiplied by the radius of the capstan), a is the major semiaxis of the geniculum's cross-section and J is the rotational second moment of area of the geniculum's elliptical cross-section (Timoshenko and Gere, 1972) :
Here, b is the minor semiaxis of the cross-section. Maximum shear strain, γ, was calculated from the geniculum's length, L, major semiaxis, a, and the angle, φ, through which the geniculum was twisted:
The sample's dimensions were measured after the test was completed. Hysteresis was calculated as for the experiments in tension.
Creep

Tensile creep
Tensile creep tests were performed coincidentally with the fatigue tests conducted by Denny et al. (2013) , and details of the apparatus can be found there. In short, a test sample (8-11 genicula) was excised from a basal section of a frond, and the cross-sectional areas of the end genicula were measured as described above. The average of these areas was used as an estimate of the area of genicula in the rest of the sample. The sample was then glued in place between a force transducer and an oscillating beam, leaving 4-7 genicula exposed. The motion of the beam sinusoidally strained the sample at 10.1 Hz, with force varying from 0 to that necessary to apply a peak stress, σ max , a set fraction of C. cheilosporioides' nominal tensile breaking stress. As the genicula crept, becoming longer and thinner, the amplitude of the beam's oscillation was adjusted by computer to maintain constant force per cross-sectional area. However, as the genicula lengthened, the oscillation of the beam caused the sample to become slack when the beam moved closest to the force transducer. As a consequence, to maintain the sinusoidal pattern of stress, it was necessary to gradually move the force transducer away from the oscillating beam, an adjustment effected by a computercontrolled stepping motor attached to a fine-pitched screw. The distance moved by the transducer relative to the total length of the genicula in the sample is a measure of the strain accruing through time resulting from the cyclical stress, making it a measure of tensile creep. Because the sample was loaded sinusoidally, the average stress in each cycle, σ, was equal to half the peak stress, σ max , and we treat these data as an approximation of how a geniculum would creep under a constant stress equal to the average. (This is equivalent to assuming that creep is due to a Newtonian viscous process, in which strain rate is proportional to stress; Aklonis et al., 1972.) Strain was recorded every 20 s for the first 5300 cycles and every 60 s thereafter until the sample broke from fatigue. Samples were immersed in seawater at 12-13°C during testing, and the seawater was changed daily. We obtained data for 21 samples.
After the sample broke, the cross-sectional area of the failed geniculum was measured, allowing us to calculate the actual applied stress. Knowing stress and strain, we could then calculate the sample's compliance as a function of time:
Shear creep
Samples (collected as for other tests) were tested in shear using the same apparatus as for shear stress-strain measurements (Fig. 3) . Instead of the chain, a 10 g mass was hung from the capstan by a fine thread, applying a moment of 1.23×10 −3 N m. An image of the disk was acquired every second for the first 60 s of the experiment, and every 30 s thereafter for 6-12 h. Shear stress and maximum shear strain were calculated as before and used to calculate compliance, D(t). The sample was kept moist and at a constant 19°C with a seawater drip.
The tensile and shear creep measurements complement each other: to accommodate computer control of strain in the tensiletesting apparatus, creep could not be measured during the initial cycles required to adjust the apparatus to apply a constant stress; testing genicula in shear allowed us to characterize creep over the initial period missed in the tensile tests.
Estimating lifetime creep
We used data from the tensile creep tests to estimate the creep a basal geniculum would accumulate during the lifetime of a frond in the surf zone. We first fitted a curve to a sample's tensile compliance as a function of time (a representative example is shown in Fig. 4A ). The derivative of that curve is our estimate of dD/dt, the temporal rate of change of compliance. However, for each measured value of dD/dt, we know the corresponding strain, which allows us to plot dD/dt as a function of strain rather than time (Fig. 4B) . Because D=ε/σ, dD/dt=d(ε/σ)/dt, so, for a constant average stress:
(Here, the subscript ε denotes that the factor in parentheses is evaluated at a particular strain.) Thus, for a given strain and stress, Fig. 4B allows us to estimate how much a sample's compliance, and hence its strain, changes in time dt. Our next task was to describe how stress on a basal geniculum varies through time as waves impinge on the shore. Drag, F D , is applied to a frond by the velocity of the water, u (Denny, 1988 (Denny, , 2016 Vogel, 1994) , such that at a given time t:
where ρ is the density of seawater (1025 kg m −3 ), A pl is the frond's planform area (approximately half its wetted area) and C D is the frond's drag coefficient (Martone and Denny, 2008a) :
Here, Re f is the frond Reynolds number:
where μ is the viscosity of seawater (1.24×10 −3 Pa s) at 15°C (a representative temperature at HMS; Denny, 1993) . In short, if we know u and A pl , we can calculate F D (Fig. 5A) . Dividing by the cross-sectional area of a basal geniculum, A gen , then gives us instantaneous stress, σ i , as a function of water velocity, u, during the passage of a wave:
We next model the time course of velocity in each wave after Hata (T. Hata, Measuring and recreating hydrodynamic environments at biologically relevant scales, PhD thesis, Stanford University, 2015), based on measurements taken at the site where C. cheilosporioides was collected (Fig. 5B) . Waves are assumed to have a period of 10 s (typical of the shore at HMS). In the initial 4 s after a wave arrives at the shore:
Here, t is time (s), u is instantaneous velocity (m s −1 ) and u max is the maximum velocity in the wave. In the subsequent 6 s:
Knowing u through the course of a wave, we can calculate instantaneous stress through the wave (Eqn 11), and, for a given u max , we can integrate σ i through time Δt to calculate average stress, σ:
Multiplying both sides of this equation by Δt adjusts the expression to the form in which it will be used in the next calculation ( Fig. 5C ):
For our calculations, Δt is 10 s, the wave period. This calculation, along with the information in Fig. 4B , allows us to calculate the increment in strain accruing from each wave. Estimating dD/dt (Eqn 7) as ΔD/Δt:
In summary, we use frond and genicular areas to calculate the increment in strain resulting when a wave with maximum velocity u max and a period of 10 s is imposed on a geniculum with preexisting strain ε.
Using this mathematical framework, we then draw from the distribution of u max recorded at our site by Mach et al. (2011) to sum these strain increments through time beginning at ε=0. From a random selection of 86,400 u max values recorded by Mach et al. (2011) , we draw the u max of one wave at random and calculate Δε, the increase in strain after one wave (10 s). We then choose another u max at random, calculate a new Δε, and add it to the previous strain to give ε after 20 s. This procedure is then iterated until t=1.892×10 8 s (1.892×10 7 waves), the estimated 6 year maximum lifetime of C. cheilosporioides (Martone, 2010) . Because dD/dt is a function of ε (Fig. 4B) , cumulative strain depends on the order in which stresses are applied. Therefore, to characterize lifetime creep, we repeated this process 10 times and took the average.
RESULTS
High strain rate tensile tests
A representative stress-strain curve is shown in Fig. 6A . Averaged across samples, tensile compliance D tan decreases gradually with increasing strain (Fig. 6B) . Breaking stress is not significantly correlated with strain rate (P=0.290) for the strain rates involved in these tests (207 to 825 s −1 ). Similarly, although compliance varies with strain, it is independent of strain rate (P=0.338, 0.186, 0.136, 0.094 and 0.058 at strains of 0.1, 0.2, 0.3, 0.4 and 0.5, respectively). By contrast, breaking strain is positively correlated with strain rate (Fig. 6C ; P<0.001, r 2 =0.478).
Cyclic stress-strain Tension
Representative tensile cyclic stress-strain data are shown in Fig. 7A , with the first cycle shown in red and the second cycle in black. In the first cycle, an average of 42.4±4.1% (±s.e.m.) of the strain energy required to extend the sample in tension is lost to viscous processes upon retraction (that is, its hysteresis, H=0.424). At least part of the energy lost can be attributed to plastic strain (average plastic strain=0.018±0.007, 13.1±3.6% of the cycle's maximum strain).
After an extension/retraction cycle, subsequent cycles to higher strains have a stress-strain curve in extension that takes up where the previous cycle left off (arrow in Fig. 7A ). Hysteresis is lower in the second and subsequent cycles (H=0.306±0.025 on average for the second cycle), and plastic strain is reduced (on average, only 2.2±1.5% of the additional strain in the second cycle is not recovered). When a stress cycle is interrupted during extension, stress in the sample decreases through time (stress relaxation; a representative test is shown in Fig. 7B ). By contrast, when a cycle is interrupted during decreasing stress, stress in the sample subsequently increases through time (stress recovery).
Shear
Representative torsional cyclic stress-strain data are shown in Fig. 8 . Genicula in shear have a higher hysteresis than in tension (Student's t-test, P<<0.001), due at least in part to greater plastic deformation. In the first cycle, on average 81.2±3.9% of strain energy required to extend the sample is dissipated upon retraction (compared with 42% for tension), with average plastic strain of 0.17±0.035, 50% of the cycle's maximum strain (compared with 13% for tension). Hysteresis is lower in the second and subsequent cycles (58.2±2.6% on average for the second cycle), and plastic strain is reduced (on average, 8.9±3.9% of the additional strain in the second cycle is not recovered). In subsequent cycles, hysteresis and plastic strain remain higher than for samples loaded in tension.
Creep Tension
Average tensile compliance increases continuously through time with no hint of a plateau (Fig. 9A) . 
Shear
The temporal course of creep in shear is similar to that in tension: compliance increases continuously through time (Fig. 9B) . Note the rapid increase in compliance in shear at times shorter than those measured in tension. Compliance in shear is approximately 30 times higher than that in tension.
Lifetime accumulated creep
Assuming that waves arrive every 10 s for a 6 year lifetime (18.9 million stress cycles), the basal geniculum of a large frond (A pl =20 cm 2 ) accumulates a strain of at most 0.357 in response to a realistic distribution of wave impacts (Fig. 10) . Exposure to 100 million waves (31.7 years) would impose a strain only slightly larger, 0.464. These are likely overestimates in that they assume that waves arrive continuously; in reality, wave forces are not applied during extreme low tides. Creep estimates varied among our 10 replicate calculations, but this variation was substantial only when a small number of wave cycles were taken into account: the coefficient of variation (s.d./mean) was 0.15 for strain after 100 waves, 0.006 for strain after 10 4 waves, 4.6×10 −5 for a 6 year estimate and 3.4×10
−5 for 10 8 stress cycles.
DISCUSSION
Five aspects of the genicula's material properties are key to its function in C. cheilosporioides' joints: the material must be (1) sufficiently strong to withstand the stress imposed as joints twist, bend and extend; it must be (2) sufficiently compliant and (3) sufficiently extensible to provide the flexibility fronds need to cope with individual hydrodynamic insults, and it must resist both (4) fatigue and (5) creep to ensure that fronds can survive a lifetime of accumulated stress and strain. Calliarthron cheilosporioides' genicula fulfill these requirements through an unusual combination of properties. On the one hand, genicula behave as one might expect from a solid. For an ideal solid, strength and compliance are independent of strain rate. In our tests, breaking stress was independent of strain rate across a wide range of rates, and the compliance measured at a strain rate of several hundred per second is comparable to that measured by Martone (Martone and Denny, 2008b) suggests that if compliance were to decrease with increasing strain rate (as it would in a typical viscoelastic material), stress in a basal joint would increase substantially, amplifying the likelihood of failure. However, because compliance is functionally independent of strain rate, genicula have the same flexibility across a wide range of loading regimes, a potential advantage in flow as unpredictable as that of breaking waves. Furthermore, the extensibility of genicular material actually increases with increasing strain rate (Fig. 6C ). While this increase in breaking strain is not typical of elastic materials (indeed, it is, to our knowledge, unique among biological materials), it provides the seaweed with an extra bit of flexibility when responding to wave impact, which potentially bolsters its chance of survival.
These advantageous attributes of the material's elasticity are augmented by its viscous nature. Although viscosity has no apparent effect on compliance at strain rates from 0.2 to 825, it can nonetheless potentially enhance joint function. The dissipation of strain energy in cyclic loading -due in part to plastic deformation (Fig. 7A) -reduces the stored energy available to extend any flaws in the material, and thereby has the potential to reduce the risk of fatigue failure (Denny et al., 2013) . However, when subjected to constant or repeated loads, genicula creep (Fig. 9 ) and one might suppose that this accumulated strain could threaten the joints. But Martone and Denny (2008b) have shown that an increase in genicular length increases a basal joint's flexibility, and, for strains less than 50%, the increase in flexibility is accompanied by negligible change in tensile stress. We estimate that basal genicula creep by maximally 36% over a 6 year lifetime (Fig. 10) , so the creep they incur has the potential to increase flexibility without appreciably increasing stress. Another, closely related coralline alga (Calliarthron tuberculosum) living in British Columbia has a longer life span (11 years; Fisher and Martone, 2014) , suggesting that at a different site, C. cheilosporioides might live longer and therefore accrue more strain. But even if it lived for more than 30 years, creep would still be less than 50%, and thus would not amplify tensile stress.
Conclusions
Measurements of how genicula respond to rapid strains, cyclical loading and the imposition of constant stress reveal the material's viscoelastic nature. In each case, the properties of the genicular material appear advantageous to the joints' function of providing flexibility to otherwise rigid fronds. In addition, the results described here in the context of genicular function can also be used in combination with previous findings to understand how the material properties of C. cheilosporioides' genicula can be explained by the microscale structure of genicular cell walls. We address this task in the companion paper (Denny and King, 2016) .
It remains to be seen whether the mechanical adaptations apparent in C. cheilosporioides' joints are present in the genicula of other articulated corallines, many of which have arrived at their present morphology through different evolutionary and developmental pathways (Johansen, 1981; Janot and Martone, 2016 ).
Appendix
Because cross-sectional area varied between genicula in the test sample, stress (and therefore strain) varied among joints. To calculate the nominal strain (change in length, ΔL, per unstressed length, L) in a particular geniculum corresponding to a particular applied force, F, we assumed that tensile modulus (E, stress divided by strain) is constant for all genicula in the sample. Thus:
Here, j=1, 2, …, n denotes the individual geniculum, and n is the total number of genicula in the test portion of the sample. Rearranging, we find that:
Summing across all genicula:
Noting that:
where the brackets denote the average,
For C. cheilosporioides, L is relatively consistent among genicula within a frond, so:
Because E=σ/ε:
Combining Eqns A6 and A7, we conclude that: For nomenclatural simplicity, let k 1 A j l ¼ a. Thus, strain ε in the broken geniculum, which has cross-sectional area A, is:
